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Abstract The emission of nanosecond pulses of ≈20 keV
photons having a total energy of GeVs which are generated
by peeling millimeter wide strips of pressure sensitive ad-
hesive (PSA) tape in a partial pressure of air (≈10−3 Torr)
is demonstrated. The X-ray spectrum is similar to that ob-
tained by peeling much wider bands of PSA, implying that
the characteristic length for the sequence of processes that
govern this phenomenon is less than 1 mm. These exper-
iments demonstrate that MEMS-type X-ray generators are
technologically feasible.
1 Introduction
Small, independently addressable arrays of X-ray sources
would open up new opportunities in the field of com-
puted tomography [1]. Attempts to miniaturize X-ray gener-
ators have included the use of carbon nanotubes as electron
sources [2]. Such sources (and those used over the course of
more than 100 years of X-ray imaging) have, however, relied
upon the availability of a high-voltage supply to accelerate
electrons to sufficient energies for X-ray emission—a fac-
tor that has tended to reduce the portability of such instru-
ments. Recently, it was demonstrated that peeling off-the-
shelf 3M Scotch tape in vacuo generates a flux of X-rays that
have sufficient spatial coherence and intensity to resolve the
skeletal structure of a human digit [3] without the need of
high-voltage circuitry. The X-ray emission was interpreted
in terms of a two step process. First, the well known but
still debated phenomenon of tribo-electricification leads to
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a potential difference between the freshly exposed surfaces
of the peeling tape. Then there occurs an electric discharge
which accelerates electrons to energies where they emit X-
rays upon collisions with atoms. To explain the nanosecond
duration of the X-ray pulses a specific discharge process
was invoked: one initiated by the mutually amplified counter
flow of electrons and ions. In order for the X-ray pulses to
have nanosecond duration it was argued that the pulses had
to originate from a region smaller than a few hundred mi-
crons. As a test of this theoretical prediction we have mea-
sured X-ray emission from peeling tape that is less than
1.5 mm wide, which is over a factor of 10 more narrow than
previously studied. Consistent with the above theory we find
that the reduction of the width of the PSA tape has no ef-
fect on the spectral density or temporal characteristics of the
emitted X-rays.
2 Experiment and results
Figure 1 shows a schematic diagram depicting the size and
geometry of the tape peeling-apparatus together with the
positioning of the solid state solid-state [Amptek XR-100T
CdTe single element and 3-stack and liquid scintillator (LS)
[Bicron 501A] X-ray detectors. The solid-state detector was
placed 40 cm from the peeling vertex to maximize the prob-
ability of single photon detection, while minimizing pile-
up. This detector has an active area of 25 mm2, covering
≈0.001% of the 4π solid angle. A photomultiplier tube
[PMT-Hamamatsu H5783-03] was used to monitor the vis-
ible band of triboluminescence (TL) [4] and an exposed
8 mm length of the central conductive core of a 50 Ohm
BNC cable was placed in the vicinity of the peel-line to
function as a radio frequency (rf) antenna [5].
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Fig. 1 (a) Diagram of the
peeling mm tape and the
positioning of the
photomultiplier tube and various
X-ray detectors. The
distances A, B and C were
15 cm, 40 cm and 30 cm
respectively. (b) Flash lamp
illuminated microscope image
of a 1.5 mm wide strip of tape as
it is being peeled at 3 cm s−1.
The tape has a total thickness of
50 μm of which about 10 μm is
the adhesive. In this picture, the
width of the tap appears out of
focus to the right of the edge.
(c) Comparison of ns X-ray
generator to the size of a
fingertip
Fig. 2 Signals from the rf
antenna (red) the liquid
scintillator (black) and the PMT
recording the visible TL (blue).
The positions of the different
signals on the abscissa are
corrected for the transit times of
the different PMTs and for cable
lengths. The cable delay time
together with the transit time for
the 12.7 cm (5′′) PMT (∼50 ns)
was subtracted from the LS
events in order to provide a
common zero of time. The inset
shows a histogram of the width
of Gaussian best fits to X-ray
flash events as recorded in the
LS. The smooth line is a plot for
cosmic ray events of similar
energy
The tape was peeled at 3 cm s−1 by a DC motor con-
nected to reducing gears. This set-up was placed inside a
vacuum chamber and kept at 10−3 Torr of air for all the
measurements presented here. A 12 mm thick polycarbonate
window on the vacuum chamber allowed X-rays with ener-
gies greater than ≈10 keV to reach the detectors. Nanosec-
ond resolution of the flash width is obtained by recording
liquid scintillator flashes with a 12.7 cm (5′′) PMT (not
shown in Fig. 1).
Figure 2 shows a comparison of a single shot rf signal
with an X-ray pulse from peeling tape, and a visible tribolu-
minescence event recorded on the PMT. The inset to Fig. 2 is
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Fig. 3 X-ray spectra from
peeling a 1.5 mm strip of tape at
10−3 Torr. The peel speed was
between 3 and 3.6 cm s−1. The
pulse spectrum was acquired
with an Amptek CdTe 100XR
3-stack X-ray detector placed
40 cm from the peeling point
looking through a 12 mm
polycarbonate window. The
inset shows the single photon
X-ray spectra for pulses (black),
the spectrum for all the collected
X-rays from peeling a single roll
of 1.5 mm × 25 m tape (red)
and the spectrum of all the
X-rays from peeling a single roll
of 1.9 cm × 25 m tape (blue)
divided by 3 for display
a histogram of the temporal width of Gaussian best fits to X-
ray events recorded by the LS that are due to peeling 1.5 mm
wide PSA tape. The ∼5 ns best fit width of the majority of
these events represents the instrument limit. This was deter-
mined by comparison with best fits to cosmic gamma- ray
events with approximately the same energy.
Data for the spectra shown in Fig. 3 were acquired by
triggering on events measuring over 0.5 V as detected by the
rf antenna. For each trigger, a 10 μs interval was recorded at
1 point per ns. The complete peeling of a roll of tape took
about 700 s and in a typical run generated 4100 rf triggers.
The solid state solid-state detector recorded 532 events with
energies above 5 keV that occurred within a 1000 ns coin-
cidence interval. Of these events, 442 were also coincident
with >10 keV e.e. (electron equivalent energy, [3]) peak in
the scintillator within 100 ns of the rf signal. This conserva-
tive time window was chosen to accommodate the different
cable delays and detector response times. For these three-
way coincidences, the pulse energy was calculated from the
solid-state detector corrected for solid angle. The spectrum
of photon energies which results from events that are three-
way coincident is the black curve in the inset to Fig. 3.
The total X-ray photon spectrum for all solid-state detec-
tor events is acquired in 10 s intervals independent of the
rf trigger and is plotted on the red curve in the inset. The
background for the liquid scintillator was determined from
10 μs of recorded data outside the 100 ns coincidence win-
dow. During this time, 32 counts with integrated scintillation
energy greater than would be produced by a 10 keV electron
were observed. These 32 counts per 40 ms are equivalent
to less than one background LS count in the data used to
construct Fig. 3.
Figure 4 shows temporally coincident measurements of
the emission of visible light as recorded on a PMT [Hama-
matsu H5783-03] together with the response of a solid-state
X-ray detector that has been placed 10 cm from the peel-
ing vertex. The PMT is read out through a 1 M resistor
that slows its response time by three orders of magnitude
(from ns to μs). At least three types of correlations can be
observed. We interpret the large X-ray pulses that are ac-
companied by the large TL pulses as being the 4π ns X-
ray pulses resulting from discharges of 1010 electrons. The
X-ray events that correspond to weak TL are interpreted as
precursor events in which few X-ray photons are emitted.
It is also possible to excite TL without exciting processes
which lead to the detection of X-rays.
3 Discussion
Bremsstrahlung radiation from electrons with energies over
30 keV is the source of X-rays from peeling tape [3]. The
electrons are accelerated by the high electric fields that form
as a result of charge separation at the dielectric surfaces
of the peeling tape. In analogy to atmospheric lightning,
the precise mechanism of charge separation is unknown.
Whether the tribo-charging of dielectrics is due to the trans-
fer of ions [6] or electrons [7] is currently debated. A related
(and unexplained) observation is that charge can be system-
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Fig. 4 Comparison of the
relative timing of visible and
X-ray triboluminescence. The
upper trace (red) shows the
signal recorded by a radio
frequency (rf) antenna (arbitrary
units). The visible
triboluminescence is the middle
trace (blue). The lower trace
(black) shows X-ray signals
recorded by a solid state
solid-state X-ray detector
atically transferred between like materials if the radii of cur-
vature of the contacting components is different [8].
A 2 GeV pulse of X-rays contains about 105 photons,
and a 2 ns pulse width implies a peak power of 100 mW. In
such an event, application of the electron–X-ray conversion
efficiency [9] for collisions with carbon leads to an estimate
of 1010 electrons with energy of about 30 μJ. The force re-
quired to peel the tape is about 0.15 N implying an average
power input of about 5 mW—one million times smaller than
the peak discharge power realized during the ns bursts.
We propose that the build-up of the discharge is due
to electrons creating ions at the positively charged surface
which then create more electrons at the negatively charged
surface, and so on [3]. In this case, the ns pulses are due to a
channel that is about 300 μm long in a field of 106 V cm−1,
so that the oppositely charged surfaces each have a charge
density of ∼7 × 1011 fundamental charges per square cen-
timeter.
Another mechanism by which an electric discharge can
form involves the generation of secondary electrons via the
photoelectric effect [10]. In this case, seed electron(s) create
photons as they collide into the positively charged surface.
Some of these isotropically emitted photons are intercepted
by the negative surface where more electrons are emitted by
the photoelectric effect, and so on until the discharge is com-
plete. When photons are the key secondary particle, impact
with the negative surface is reduced by the subtended solid
angle. In contrast, when positive ions are the key secondary
particles in the build-up to a discharge, the negative surface
acts as an efficient collector. Although photoelectric effect
efficiencies have not been measured for PSA tape, our ob-
servation of the same spectral density and pulse energies for
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Fig. 5 Cartoon of a micro
mechanical array of
independently addressable
X-ray sources. 100 sub-mm
mechanical actuators could be
arranged in this manner.
a Cutout view of the array.
b Side view of the proposed
device to illustrate a fully
extended actuator. The entire
array would be under vacuum.
The top window can be chosen
to allow good X-ray
transmission. We envision that
efficient operation would
involve actuation of both
longitudinal and transverse
motions of the surfaces which
are brought into contact
19 mm (blue line on inset) and 1.5 mm wide tape strongly
suggest a discharge mechanism mediated by positive ions
rather than by the photoelectric effect.
From our estimate of 1010 electrons per discharge leading
to a nanosecond X-ray pulse from surfaces with an unbal-
anced charge of 7 × 1011 e cm2, it follows that charge must
be collected from a square mm region. This implies that an
electrical conductivity parallel to the surface is an important
effect which should occur in synchrony with the discharge
build-up.
4 Conclusion
The emission of X-rays driven by the tribo-charged surfaces
of peeling pressure sensitive adhesive tape has been demon-
strated for tape that is only 1.5 mm wide. The build-up of
separated charge acts in synchrony with an ion-mediated
discharge mechanism and surface conductivity so as to make
strong ns X-ray pulses possible. From a technological view-
point, the X-ray emission is driven mechanically and does
not require a high- voltage power supply. This should fa-
cilitate the construction of MEMS-type X-ray devices and
X-ray sources where each pixel is independently address-
able as illustrated in Fig. 5. Impregnation of the surfaces
with high Z materials could lead to order of magnitude
improvement in X-ray fluxes. The fundamental limits on
the steady state and transient charge densities that can be
achieved via contact electrification of dielectrics remains an
unknown and its demystification will lead to even greater
levels of concentration of mechanical energy into X-ray pho-
tons.
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